I. INTRODUCTION AND BASICS
In many astrophysical and laboratory plasmas more than a single ion species is present.
In a multi-species plasma due to the occurrence of multiple resonances and cut-offs [1] , the propagation of Alfvén waves [2] (AWs) is strongly affected. The resulting dispersion behavior is directly related to heat and energy transport in magnetized plasmas [3] . This is observed in laboratory [4] [5] [6] [7] and fusion devices [8, 9] as well as in space plasmas, e.g., the solar atmosphere [10] or during the interaction between the solar wind with the cusp regions of the terrestrial magnetoshere [11] . AWs are responsible for heating of the solar corona [12] and acceleration of the solar wind [13, 14] by transferring energy from the sun's photosphere to the chromosphere in so-called flux tubes [15] . The interaction of the solar wind with cometary plasmas is determined by differently charged ions and dust grains [16] [17] [18] such that a multi-component plasma approach is needed to study the dynamics of instabilities (for example the firehose-instability [19, 20] ). Collisions between different ion species can lead to a strong damping of the propagating waves [21, 22] , as observed in interstellar clouds [23] .
The aim of the present work is the measurement of AW dispersion relations in single-and multi-component plasmas in a well-controlled laboratory device, which allows one to study the dynamics of driven electromagnetic waves over a broad range of plasma parameters. The low-temperature discharge plasmas are accessible with probes in the entire plasma volume and the wave fields can be recorded with high resolution in space and time. We compare the experimental results with numerical calculations based on a multi-fluid Hall-MHD model including perpendicular resistivity. Together with Maxwell's equations, a plane wave ansatz leads to the dispersion equation in a cold uniform plasma [24] :
where c denotes the speed of light, ν the collision frequency and ω p,j the plasma frequency.
ω c,j = q j B z /m j is the cyclotron frequency of the particle species labeled j with the mass m j and charge q j . The ambient magnetic field is denoted with B. Eq. (1) holds for waves propagating parallel to the magnetic field and the ± sign stands for right-hand and left-hand circular polarized waves, respectively. The same result for the dispersion relation in a cold uniform plasma is obtained from a kinetic approach [25] . 
with n = n M +n m being the plasma density, n M and n m being the density of the majority and minority ion species, respectively. ω co is mainly determined by the ion cyclotron frequency of the minority species weighted with the ion density of the majority species. In the presence of collisions (ν = 0) the wave vector k has a finite value at ω co of the L-wave. These theoretical predictions are confirmed in the experiment, which is discussed in section IV. For ω ≪ ω ce a significant influence of collisions on the R-wave propagation cannot be seen. The R-wave resonance at ω ce is not shown in Fig. 1 .
The present paper is organized as follows: After a description of the experimental setup in section II, the AW dispersion measurements in single-component plasmas are discussed and the parallel current pattern is compared to the model results (section III). Subsequently the dispersion behavior of AWs in different two-ion species plasmas is studied in detail (section IV). The results are summarized in section V.
II. EXPERIMENTAL SETUP
The experiments are performed in the low-temperature plasma of the linear cylindrical plasma device VINETA (Fig. 2) . The vacuum vessel has a total length of 4. Tab. I summarizes typical operation and plasma parameters for argon plasmas. The high collisionality has of course a strong effect on the AW dispersion behavior, especially when the AW frequency approaches the resonance at ω ci [31] . Collisions are taken into account in the theoretical analysis to directly compare the model results to the experimental findings. In oxygen discharges, the negative ion density n O − is measured by laser-induced photo detachment [32] . An electronegativity of typically α = n O − /n e ≥ 1 is found. is in the range of B low ≈ 10 nT. A detailed description of the Helmholtz coil exciter and 3D-magnetic probe design is topic of a separate publication [33] . Due to the miniaturization the influence of the exciter and detector system on the plasma profile is kept small. The central plasma depletion due to the presence of the exciter inside the plasma (Fig. 2 , radial density profile with exciter, dashed line) is negligible.
III. ALFVÉN WAVES IN SINGLE-COMPONENT PLASMAS
In Fig the measured wave length is λ = 7.3 m, which is a typical Alfvén wave length also found previous work [6] . By driving the exciter at frequencies in the range f ex = 0−25 kHz (always well below f ci ) the dispersion relation of the propagating wave is obtained (Fig. 3b) . For frequencies f < 10 kHz drift wave instabilities [34] interact with the excited wave and lead to strong fluctuations of the phase velocity. In the considered low-frequency regime the were reported elsewhere [35] .
Wave polarization
Due to the fact that the excitation scheme is not polarization selective, both left-hand (L) and right-hand (R) circular polarized waves are excited. The detailed analysis of the measured parallel current pattern in the azimuthal xy-plane yields that the observed wave field is actually a superposition of L-wave and R-wave that propagate simultaneously in the plasma.
The parallel current density j z is obtained from Ampères law as j z = ∂b x /∂y − ∂b y /∂x. (Fig. 4c) and m = +1 to the R-wave (Fig. 4d) . The m = −1 structure in Fig. 4c is more pronounced than the m = +1 structure in Fig. 4d , which indicates a dominating shear-AW component, as expected for driver frequencies below f ci . The superposition of both structures is shown in Fig. 4b . It matches the measured current pattern (Fig. 4a) quite well and demonstrates that the intermediate state at t = 8.5 µs is also a result of the superposition of the two m = ±1 modes. Since all higher mode numbers are neglected, the maximum fluctuation amplitude is j z = 4.9 mA/cm 2 , about 40% lower than the measured value j z = 7.7 mA/cm 2 .
For a model description of the spatial structure of the excited wave field, a standard Hall-MHD description is chosen [24] . Collisional effects are taken into account by including the perpendicular resistivity η in the generalized Ohm's law
Together with the equation of motion and Maxwell's equations, the space-time evolution of the fluctuating quantities magnetic fieldB, electric fieldẼ, plasma velocityṽ and current densityj are obtained self-consistently using a plane wave ansatz. To account for the forced wave excitation, a magnetic field perturbation of B y = 200 µT perpendicular to the ambient magnetic field B z is initialized at z = 0. The plasma density is assumed to be homogeneous. like structure of two intersecting antiparallel current filaments is found. The decrease of the amplitude at large radii indicates an increase of the damping at larger propagation angles with respect to the ambient magnetic field. This is a well-known property of shearAWs, which propagate along the magnetic axes in so-called Alfvén cones [36] . However, the radial extent of the current pattern is on the order of meters, much larger than observed in experiment (Fig. 5c ). This is a result of the assumed density profile. If the current density is weighted with a Gaussian density profile as found in the experiment [29] the radial extent of the current profile is dramatically reduced (Fig. 5b) and matches well the measurements (Fig. 5c ).
We noted that the experimentally observed j z -pattern consists of a superposition of Lwave (m = −1) and R-wave (m = +1) components, whereas the theoretical calculation consider the L-wave only. Nevertheless, a good agreement is found, which further supports the conclusion that the R-wave contribution is minor and the current pattern is dominated by the shear-AW.
IV. ALFVÉN WAVES IN MULTI-COMPONENT PLASMAS
The following section discusses the dispersion behavior of driven electromagnetic waves field is decomposed into L-wave and R-wave components. The normalizations ω ′ = ω/ω ci , noted, that in helicon discharges the so-called neutral-pumping effect [37, 38] is suggested to cause a depletion of neutrals in the plasma center, which in the present study is not taken into account for the estimation of the neutral density. which is not very pronounced due to strong collisional damping of the L-wave indicated by a minimum of the damping length λ d at ω/ω He ci = 0.1 (Fig. 6b) . The measured L-wave dispersion follows qualitatively well the predicted relation up to frequencies ω/ω Fig. 6b) . Conversely the damping of the R-wave decreases as seen in the increasing damping length for ω/ω He ci > 0.1 (Fig. 6b) . The upper cyclotron resonance at ω/ω He ci = 1 should have no influence on the propagating R-wave, which is confirmed by the measurement (Fig. 6a) .
The measurement of the dispersion relation of shear-AWs in an electronegative plasma were done in a discharge with a mixture of argon (55%) and oxygen (45%). The result is shown in Fig. 7a . In a pure Ar discharge a single resonance at ω/ω Ar ci = 1 would be expected, whereas the measured dispersion relation shows a strongly damped wave with a maximum of kv Fig. 7) confirm the measurements. The deviation observed for frequencies ω/ω Ar ci > 1.4 might be due to boundary effects, which are not included in the theory. It is clear that the theory without resistivity does not apply to the experiment (dash-doted line in Fig. 7a ). 
